Abstract Gram-negative bacteria have become the main pathogens and cause serious clinical problems with increased morbidity and mortality. However, the slow discovery of new antimicrobial agents is unable to meet the need for the treatment of bacterial infections caused by drug-resistant strains. The interaction of L12 and L10 is essential for ribosomal function and protein synthesis. In this study, a yeast two-hybrid system was established to successfully detect the interaction between L12 and L10 proteins from gram-negative bacteria Escherichia coli, which allows us to screen compounds that specifically disrupt this interaction. With this system, we identified two compounds IMB-84 and IMB-87 that block L12À L10 interaction and show bactericidal activity against E. coli. We used glutathione-S-transferase (GST) pull-down and surface plasmon resonance (SPR) assays to demonstrate that these compounds disrupt L12ÀL10 interaction in vitro and the target of compounds was further confirmed by the overexpression of target proteins. Moreover, protein synthesis and elongation factor G-dependent GTPase activities are inhibited by two compounds. Therefore, we have identified two antibacterial agents that disrupt L12ÀL10 interaction by using yeast two-hybrid system.
Introduction
Gram-negative bacteria have become the main pathogens in clinic, and one main reason is the generation of drug-resistant bacterial strains [1] [2] [3] [4] . Unfortunately, very few drugs are available in clinical treatment of drug-resistant gram negative strains. Also, few new agents are under development to keep pace with the emerging of drug-resistant bacteria [5] [6] [7] . Therefore, it is imminent to identify new antimicrobial agents with novel targets to deal with the emergence of drug-resistant bacteria.
Proteins carry out all cellular functions in each organism and the ribosome is the factory where protein synthesis occurs. The difference between ribosome structures in bacteria and human cells allows some antibiotics to kill bacteria specifically 8 . For example, gentamicin binds to the A site of 16S ribosomal RNA to prevent protein synthesis in bacteria 9 . Tetracycline inhibits protein synthesis in bacteria because it prevents aminoacyl-tRNA from entering the A site during translation 10 . Now, protein-protein interaction inhibitors provide new opportunities for drug discovery. The ribosome is a multi-protein complex and the protein-protein interactions in a ribosome are attractive targets for new antibiotics because of their central role in protein synthesis and cellular functions.
In bacteria, ribosomal proteins L12 (encoded by the rplL gene) and L10 (encoded by the rplJ gene) are part of the stalk, which belongs to the large ribosomal subunit (50S). It has been shown that the elongation factors EF-G and EF-Tu are recruited to the stalk by the L12 C-terminal domain to enhance the GTPase activity 11, 12 . Consistently, a ribosomal stalk lacking L12 is unable to interact with elongation factors 13 . The C-terminal α-helix of L10 anchors two or three L12 dimers by associating with the N-terminal domains of L12, and disruption of L12-L10 interaction prevents the binding of EF-G and EF-Tu to the stalk and causes the loss of ribosomal GTPase activity 14 . A yeast two-hybrid system has been established to identify small molecules that block the interaction between L12 and L10 proteins from Mycobacterium tuberculosis. L12-L10 interaction appears to be a potential target for anti-tuberculosis agents 15, 16 . In addition, L12-L10 interaction is highly conserved in Gram-negative bacteria, but these two proteins show low homology with corresponding human proteins. Therefore, the L12 ÀL10 interaction could be used to screen new agents that kill Gram-negative bacteria.
In this study, we developed a screening system based on the interaction between Escherichia coli ribosomal proteins L12 and L10. Firstly, L12-L10 interaction is confirmed by yeast two-hybrid (Y2H) system, with which we can identify the compounds that specifically inhibit this interaction. After screening, two compounds IMB-84 and IMB-87 were selected. These compounds block L12-L10 interaction and inhibit the growth of E. coli with certain toxicity to mammalian cells. Surface plasmon resonance (SPR) and glutathione-S-transferase (GST) pull-down were further used to confirm that IMB-84 and IMB-87 inhibit L12-L10 interaction in vitro. Consistently, both EF-G-dependent GTPase activity and ribosome-mediated protein synthesis are inhibited by these two compounds in vitro. In addition, overexpression of either L12 or L10 in E. coli increases the minimum inhibitory concentration (MIC) of these two compounds, indicating that L12 and L10 are likely the targets in vivo. In summary, using the Y2H assay, we successfully identified new antibacterial agents targeting the L12-L10 interaction in Gram-negative bacteria.
Materials and methods

Regents
The yeast two-hybrid system was purchased from Clontech (Dalian, China). The expression vectors pET-16b, pET-30a and pGEX-4T-1 were obtained from Novagen (Shanghai, China). The compound library is a combination of synthetic (from Enamine Ltd., Ukraine and the Institute of Medicinal Biotechnology, CAMS, China). All the compounds were suspended in DMSO and stored at 4 1C. The purity of compounds is higher than 90%. Monoclonal antibodies (anti-HA, anti-c-Myc and anti-His) were supplied by Cwbio (Beijing, China). Glutathione sepharose 4B was purchased from GE Healthcare (Uppsala, Sweden). T4 DNA ligase, restriction endonucleases and DNA polymerase were purchased from TaKaRa (Dalian, China). All other chemicals were from Sigma. The small molecule synthesized by MedPharma Partners (Boston, MA, USA). Compounds IMB-84 and IMB-87 were synthesized by the Institute of Medicinal Biotechnology and were suspended in DMSO at 10 mg/mL concentration. Further dilutions for use in the SPR assays and cell culture were done in buffer or culture medium.
Plasmid construction
The DNA fragments of rplJ and rplL genes that encode L10 and L12 proteins, respectively, were amplified by PCR from E. coli ATCC 25922 genomic DNA. The primer pairs were designed as follows:
0 . After digestion with NdeI and BamHI, the PCR fragments were inserted into pGADT7 (DNA activation domain, AD) to generate plasmids pAD-L10 and pAD-L12, in such way that the DNA fragments of L10 and L12 were fused in frame with Gal4 transcription activating domain. Similarly, the DNA fragments for L10 and L12 proteins were inserted into pGBKT7 (DNA binding domain, BD) to generate pBD-L10 and pBD-L12, in which the L10 and L12 fragments were fused in frame with Gal4 DNA binding domain. The control plasmids pAD-T, pBD-53 and pBD-lam were obtained from Clontech.
For the construction of the His-fusion plasmids, the gene for L10 protein was amplified by PCR with primer pairs: forward primer, 5 0 -GGAATTCCATATGGCTTTAAATCTTCAAGAC-3 0 , reverse primer, 5 0 -CGCGGATCCAAAGCAGCTTCTTTCGCAT-3 0 . After digestion with NdeI and BamHI, the fragment was inserted into pET30a vector; the resulting recombinant plasmid pET30a-L10 will express L10 protein with 6 Â His-tag at the C terminal. After digestion with NdeI and BamHI, the DNA fragment for L12 protein from pAD-L12 was ligated with pET16b to generate recombinant plasmid pET16b-L12, which has 6 Â His-tag at the N terminal of L12 protein.
For the construction of the GST-fusion plasmids, the gene for L12 protein was amplified by PCR with primer pairs: forward primer,
0 . This PCR fragment was inserted into the pGEX-4T-1 expression vector after digestion with the BamHI and XhoI. All constructs were sequenced for verification.
Detection of L12-L10 interaction using the yeast twohybrid system
The Gal4 yeast two-hybrid system was used to detect L10-L12 interaction. The pAD-L12 and pBD-L10 plasmids were cotransformed into AH109 yeast cells using LiAC method 17 . The transformants were selected by growing the cells on SD/-Leu-Trp plates at 30 1C for 3 days. The growing colonies should be AH109 with pAD-L12 and pBD-L10. AH109 (pAD-L10þpBD-L12), AH109 (pADþpBD-L12), AH109 (pAD-L10þpBD), (pAD-TþpBD-53) and AH109 (pAD-TþpBD-lam) were obtained using the same method. Strains AH109 (pAD-TþpBD-53) and AH109 (pAD-TþpBD-lam) were used as positive and negative control, respectively. All transformants were grown on SD/-Leu-Trp-Ade-His plates at 30 1C for 3-4 days. The yeast cells are expected to grow on the quadruple dropout plates. If the two fusion proteins interact with each other, the reporter genes will be activated. The L12-L10 interaction in the positive clones was further assessed by β-galactosidase (β-gal) activity assay.
β-Gal activity was measured as described previously 15 . Yeast cells from fresh cultures in SD/-Leu-Trp dropout medium were transferred onto filter paper, and the cells were lysed by freeze/ thaw treatment. Five mL of Z buffer (0.1 mol/L Na 2 HPO 4 , 35 mmol/L NaH 2 PO 4 , 10 mmol/L KCl, and 1 mmol/L MgSO 4 , pH 7.0), 83.5 μL 20 mg/mL X-gal and 0.27% β-mercaptoethanol were added into the lysates. The filters were incubated at 30 1C, and examined periodically until color change was observed.
To quantify β-gal activity, 4.5 mL yeast cultures in mid-log phase (OD 600 ¼0.5-0.8) were harvested by centrifugation and then resuspended in 300 μL Z buffer. A total of 0.1 mL of cell suspension was lysed by freeze/thaw treatment. Then, 700 μL Z buffer with 0.27% β-mercaptoethanol and 160 μL o-nitrophenyl β-D-galactopyranoside (ONPG, 4 mg/mL in Z buffer) was added to the reaction tube successively, and incubated at 30 1C until color change was observed. The reaction was stopped by addition of 0.4 mL of 1 mol/L Na 2 CO 3 and the reaction tube was centrifuged at 14,000 Â g for 10 min. A 420 absorption of the supernatant was measured and the β-gal activity was quantified using Eq. (1):
where t is the incubation time (min) and V is the volume of the cell cultures used for the assay (mL). The experiments were repeated three times. The expression of the two fusion proteins in yeast AH109 was verified by Western blotting (Tanon 5200, Shanghai, China). Yeast cells were crushed using vortex with glass beads, and protein extracts were obtained. Protein expression in yeast cells was verified by SDS-PAGE and followed with Western blotting using anti-Myc and anti-HA monoclonal antibodies.
Compound library screening
Yeast cells AH109 (pAD-L12þpBD-L10), AH109 (pADTþpBD-53) and AH109 were used for screening. The screening assays were performed in 96-well plates in a final volume of 200 μL. Fresh yeast cells (OD 600 ¼0.8) of AH109 (pAD-L12þpBD-L10) and AH109 (pAD-TþpBD-53) were diluted 100-fold in SD/ -Leu-Trp-Ade-His dropout medium, but AH109 cells were diluted 100 times in YPD rich medium. We added 198 μL of diluted culture and 2 μL of compounds into each well and the final concentration of compound is 25 μg/mL with 1% DMSO. The yeast cells were incubated at 30 1C for 3 days to assess the growth inhibition.
Expression and purification of recombinant proteins
E. coli BL21 (DE3) was used to express His-tagged L10 protein.
The E. coli cells with the pET30a-L10 plasmid were grown in LB media containing 50 μg/mL kanamycin at 37 1C. The expression of L10 was induced by addition of 0.1 mmol/L isopropyl β-D-1-thiogalactopyranoside (IPTG) for 10 h at 37 1C. Cells were then resuspended in binding buffer (20 mmol/L sodium phosphate, 500 mmol/L NaCl, 40 mmol/L imidazole, pH 7.4) and disrupted by high pressure systems. After centrifugation at 12,000 Â g for 60 min to remove debris, the supernatant was loaded onto a column of Ni 2þ His-Trap HP (GE Healthcare), and attached His-tagged L10 proteins were then eluted using a linear imidazole gradient in elution buffer (20 mmol/L sodium phosphate, 500 mmol/L NaCl, 100-500 mmol/L imidazole, pH 7.4). Protein level were determined by 15% SDS-PAGE followed by coomassie blue staining. For the purified His-tagged L10, the concentration was measured by BCA method and confirmed by western blotting using anti-His antibody. We also used E. coli BL21 (DE3) to express His-tagged L12 protein. The recombinant strain was grown in LB media containing 100 μg/mL ampicillin at 37 1C. His-tagged L12 protein was expressed and purified using the same method.
The E. coli Rosetta (DE3) cells containing pGEX-4T-1-L12 were grown in LB, and the expression of L12 was induced by auto-inducible ZYM-5052 media at 20 1C overnight 18 . GSTtagged L12 was purified with GST-Trap HP (GE Healthcare). The binding buffer contained 140 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na 2 HPO 4 and 1.8 mmol/L KH 2 PO 4 (pH 7.3) and the elution buffer comprised 50 mmol/L Tris and 10 mmol/L reduced glutathione (pH 8.0). The purified proteins were confirmed by Western blotting using anti-GST antibody. For GST protein, the plasmid pGEX-4T-1 was transformed into E. coli Rosetta (DE3) cells, and then GST protein was expressed and purified using the same method.
GST pull-down assay
GST pull-down was used to determine if IMB-84 and IMB-87 inhibit L12-L10 interaction in vitro. After washing three times with working buffer (150 mmol/L NaCl, 50 mmol/L Tris, 1% Triton X-100, pH 7.5), 30 mL glutathione sepharose beads (GE Healthcare) were incubated with 4 mg/mL GST-tagged L12 in 500 mL working buffer for 2 h at 4 1C. Beads were collected by centrifugation and resuspended in 500 mL working buffer with 4 mg/mL His-tagged L10 and various concentrations of IMB-84 or IMB-87 from 0 to 25 μg/mL. The reaction mixtures were incubated at 4 1C for 4 h and the beads were washed three times with working buffer. Finally, proteins were solubilized and separated by SDS-PAGE and probed with anti-His and anti-GST primary antibodies. After blotting with horseradish peroxidase (HRP)-conjugated secondary antibody and exposure, the protein levels were shown and quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Results were analyzed by the Student's t-test. P values of less than 0.05 were considered statistically significant. Reactions were treated with 1% DMSO as the positive control and GST-tagged L12 was replaced by GST protein for the negative control.
SPR assay
The SPR assay were performed using a Biacore T100 system (GE Healthcare) at 25 1C in a HBS-P þ running buffer (10 mmol/L HEPES, 150 mmol/L NaCl, 0.05% surfactant P20, pH 7.4 and 5% DMSO). A Ni 2þ -nitrilotriacetic acid (NTA) sensor chip sensor chip was primed and loaded with Ni 2þ , and then purified Histagged L12 (2 μg/mL) was captured on the sensor chip by chelation of Ni 2þ in HBS-P þ buffer, the ligand density is $1700 response units (RU). To determine the binding affinity of His-tagged L12 and the compounds, solutions of compounds IMB-84 and IMB-87 (5% DMSO) at a given concentration were injected into the L12 immobilized chambers. The surface was regenerated with 350 mmol/L EDTA and 250 mmol/L imidazole. Before a new assay, the sensor chip surface was reconstructed with fresh L12 proteins. The concentrations of compounds were ranging from 3.125 to 50 μmol/L. On the other hand, purified His-tagged L10 (3 μg/mL) was immobilized onto the NTA sensor chip, with a ligand density of $1500 RU. For the binding affinity assays, the concentrations of compounds were ranging from 1.5625 to 25 μmol/L.
To examine the block of L12-L10 interaction by compounds IBM-84 and IBM-87, GST, GST-tagged L12 and His-tagged L10 were used. The interaction between GST-tagged L12 and Histagged L10 was first determined and the possibility of non-specific interactions excluded. For this purpose, 0.1 μmol/L GST or GSTtagged L12 was injected to ligand L10 ($ 500 RU) that is immobilized on sensor surface. The interaction between L12 or GST and L10 was represented by RU. To examine the inhibition of L12-L10 interaction by IMB-84 or IMB-87, 25 μmol/L compounds was injected to saturate ligand L10 ( $400 RU) that is immobilized on sensor surface. Then GST-tagged L12 (0.05 μmol/L) was injected. In the control assay, GST-tagged L12 was injected after the injection of HBS-P þ running buffer.
The assay for the inhibition of GTPase activity
The GTP hydrolysis activity of ribosomes was assessed as previously described 19, 20 . To determine ribosome-stimulated GTP hydrolysis by EF-G, 0.2 mmol/L ribosome extract and 0.4 mmol/L EF-G were added to the reaction buffer, which contains 50 mmol/L Tris-HCl (pH 7.5), 70 mmol/L NH 4 Cl, 30 mmol/L KCl, and 7 mmol/L MgCl 2 . The reaction was initiated by the addition of 1 mmol/L GTP and incubated at 37 1C for 30 min. The reaction was terminated by the addition of 100 μL malachite green and developed for 30 min at room temperature and the absorbance was then measured at 620 nm. To detect the inhibition of GTPase activity by IMB-84 and IMB-87, various concentrations of compounds (0.16-640 μg/mL) were added into the reaction mixtures and incubated at 37 1C for 15 min and the absorbance was then measured.
In vitro protein synthesis inhibition assay
An in vitro cell-free translation system and a luciferase reporter were used to assess protein synthesis inhibition by compound IMB-84 and IMB-87. The E. coli S30 ribosome extract or rabbit reticulocyte, nucleotide triphosphates mixture, amino acids, and a reporter plasmid with luciferase gene were included in the translation system according to manufacturer's instruction (Promega). Light emission was recorded with a luminescence counter (PerkinElmer, Wellesley, MA, USA). The final concentrations of compounds range from 0.08 to 625 μg/mL. The IC 50 was determined on the basis of the ratio of light emission units to the concentration of compounds (log plots) that fits to a variableslope dose-response equation.
Determination of the MIC for E. coli BL21 (DE3) overexpressing L12 or L10
Recombinant plasmids pET16b-L12 and pET30a-L10 were transformed into E. coli BL21 (DE3) and then the expression of recombinant proteins was verified by Western blotting with antiHis antibody. The MICs of compounds IMB-84 and IMB-87 against E. coli BL21 (DE3) overexpressing L12 or L10 were determined as described previously 21, 22 . In short, cells were grown in LB with 100 μg/mL ampicillin or 50 μg/mL Kanamycin at 37 1C (OD 600 ¼ 0.5) and 0.5 mmol/L IPTG was added to the culture. After 6 h, cultures were diluted with LB/ampicillin or kanamycin/ IPTG medium (OD 600 ¼ 0.08) and used for MIC assay as described above. The BL21 strains with control vectors (pET16b, pET30a) and expression vector with non-related gene (pET16b-L11, pET30a-DHQS) were used as a negative control.
Determination of anti-E. coli activity
The anti-E. coli activities of compounds IMB-84 and IMB-87 were measured using broth microdilution assay 23 . The final concentrations of compounds ranged from 1 to 64 μg/mL. All the E. coli cells, including ATCC 25922 and clinical isolated strains were grown to mid-log phase in Mueller-Hinton broth and then diluted with the same medium to the density of 5 Â 10 5 CFU/mL. Then the cells with gradient concentrations of compounds were dispensed at 0.2 mL/well in sterile 96-well microplates. After incubation at 37 1C for 20 h, the MIC was recorded. The firstline of anti-Gram-negative drugs, cefoxitin, meropenem and colistin, were used as reference.
2.12. Mode of action: bacteriostatic vs. bactericidal E. coli ATCC 25922 was grown in LB medium to mid-log phase. The cultures were diluted to 5 Â 10 5 CFU/mL in fresh medium and compound concentrations ranged from 0 to 8 Â MIC. The bacteria were collected every hour, serially diluted and spread onto plates. The colonies were counted after grown in 37 1C for 12 h.
Cytotoxicity assay
Human embryonic kidney 293 cells were used to detect the cytotoxic effect of IMB-84 and IMB-87. The cells were seeded in triplicate in 96 well plates and the cell density was 5 Â 10 3 cells per well. Cells were incubated for 24 h at 37 1C until reached to log-phase. Then, the cells were incubated with compounds at gradient concentrations ranging from 3.125 to 100 μg/mL in the DEME medium without fetal bovine serum. After incubation for 48 h, the medium was removed and fresh medium were added. Cells were incubated for 24 h at 37 1C, MTT dye reagent was then added and incubation for 4 h. After added 50 μL of DMSO, the absorbance was measured at 570 nm. The IC 50 values were calculated on a concentration-response curve.
Result
Detection of the interaction between E. coli ribosomal proteins L12 and L10 by yeast two-hybrid assay
Ribosomal proteins L12 and L10 interact with each other 24, 25 , and this interaction has been further verified by the crystal structure of the ribosome stalk 26, 27 . To identify compounds that disrupt L12-L10 interaction, we first constructed the yeast two-hybrid system to detect this interaction. For this purpose, the plasmids pAD-L12, pAD-L10, pBD-L12 and pBD-L10 were constructed. A pair of plasmids of pAD-L12 and pBD-L10 or pAD-L10 and pBD-L12 was introduced into AH109 yeast strain 28 . The interaction between L12 and L10 is expected to activate the transcription of three reporter genes ADE2, HIS3 and LacZ in AH109 cells. Thus, the L12-L10 interaction can be determined based on the growth of yeast cells on the plates lacking adenine and histidine, as well as LacZ-dependent color change after incubation in the presence of LacZ substrates (Fig. 1A) .
As the positive control, AH109 yeast cells with plasmids pAD-T and pBD-53 grew well on a SD/Ade-His dropout plate and showed strong β-gal activity because of the interaction of expressed proteins p53 and SV40-T, but AH109 cells with pAD-T and pBD-lam (human lamin C) did not grow on SD/-Ade-His dropout plates, which was used as a negative control 29 ( Fig. 1B  and C ). AH109 cells with plasmids pAD-L12 and pBD-L10 grew well on a SD/-Ade-His plate and were positive for β-gal activity, indicating the interaction between L12 and L10. Surprisingly, AH109 with pAD-L10 and pBD-L12 plasmids neither grew on the dropout plates nor showed β-gal activity. One possible explanation is that the fusion of the Gal4 DNA binding domain at the N terminus of L12 protein affects its interaction with L10 as described previously 15 . Self-activation was excluded, because yeast cells harboring either pAD-L12 or pBD-L10 alone did not show growth and were negative for β-gal activity (Fig. 1B and C) . We also used Western blotting to validate the expression of L12 and L10 proteins in yeast cells (Fig. 1 D) . Therefore, we established the yeast two-hybrid system to detect the interaction between E.coli L12 and L10, which could be used for drug screening.
Screening for the compounds blocking L12-L10 interaction
To screen for the compounds that can block the interaction between E. coli L12 and L10 proteins, the growth of AH109 (pAD-L12þpBD-L10) was assessed in 96-well plates in the presence of compounds at 25 μg/mL. If a compound disrupts the Gal4 expression system or shows antifungal activity, the growth of AH109 (pAD-L12þpBD-L10) will be inhibited by this compound. However, this inhibition will be non-specific and the growth of AH109 (pAD-TþpBD-53) cells will also be inhibited by this compound. To exclude possibilities, the growth of AH109 (pADTþpBD-53) and AH109 were assessed as well. The compounds that show specific growth inhibition for AH109 (pAD-L12þpBD-L10), but not AH109 (pAD-TþpBD-53) or AH109 were selected ( Fig. 2A) . With this method, six compounds were identified. To further confirm that the identified compounds selectively block L12-L10 interaction, we performed a quantitative β-gal assay with different concentrations of the selected compounds. Two of them, IMB-84 {6-fluoro-3-(3-bromophenethyl)-3,4-dihydro-2H- [1, 3] oxazine [5,6- h]quinoline} and IMB-87{6-fluoro-3-(4-methylphenethyl)-3,4-dihydro-2H- [1, 3] oxazine [5,6-h] quinoline}, inhibited the β-gal activity of AH109 (pAD-L12 þ pBD-L10) in a dose-dependent manner, while they showed no effect on β-gal activity of strain AH109 (pAD-T þ pBD-53) ( Fig. 2D and E) . Therefore, IMB-84 and IMB-87 were selected for further study and their structures are shown in Fig. 2B and C.
Compounds IMB-84 and IMB-87 disrupt L12-L10 interaction in vitro
The disruption of L12-L10 interaction by IMB-84 and IMB-87 was further examined using GST pull-down assays, which is widely used to determine protein-protein interactions 30 . For this purpose, we first expressed 6 Â His-tagged L10, GST-tagged L12 and GST proteins in E. coli and the purified proteins were used to examine their interaction (Supplementary Information Fig. S1 ). A specific protein band (Anti-His) was observed in the resulting pull-down products when GST-L12 protein (bait) but not GST protein was incubated with His-L10 protein, which confirmed L12-L10 interaction in vitro (Fig. 3A) . To determine whether compounds IMB-84 and IMB-87 disrupt L12-L10 interaction, GST-L12 protein (bait) and His-tagged L10 were incubated with these compounds and then the level of the His-tagged L10 protein in the resulting pull-down products was detected by Western blotting using the anti-His antibody. The product treated with DMSO was used as a positive control. Strikingly, the level of the His-tagged L10 protein from the compound-treated pulldown products decreased significantly in a dose-dependent manner ( Fig. 3B and C) . These data collectively demonstrate that compounds IMB-84 and IMB-87 disrupt L12-L10 interaction in vitro.
Next, we assessed the binding of compounds IMB-84 and IMB-87 to L12 and L10 proteins as well as the effect of these compounds on L12-L10 interaction by SPR, which has been widely used to measure the interaction between small molecules and proteins in real time. 6 Â His-tagged L10 and 6 Â His-tagged L12 proteins were expressed and purified successfully (Fig. S1 ). Both IMB-84 and IMB-87 bound to L10 as indicated by the changes in response units with the K D of 20 μmol/L for IMB-84 and 6.7 μmol/L for IMB-87 ( Fig. 4A and B) . Moreover, these two compounds were able to bind to L12 with the K D of 13.8 μmol/L for IMB-84 and 16 μmol/L for IMB-87 ( Fig. 4C  and D) . In addition, the two compounds decreased the interaction between L12 and L10 when GST-L12 proteins flowed through the L10-coated sensor chip (Fig. 4E and F) .
IMB-84 and IMB-87 inhibit ribosomal GTPase activity and ribosome-dependent protein synthesis
The disruption of L12-L10 interaction disables the binding of EF-G to the stalk and causes the loss of ribosomal GTPase activity 12 .
Because IMB-84 and IMB-87 block L12-L10 interaction in vitro, we speculate that these compounds will decrease the ribosome mediated GTPase activity of EF-G. To test this, an in vitro system was used to detect the GTPase activity in E. coli. In this assay, GTPase activity was measured on the basis of the release of Pi from ribosome-bound EF-G Á GTP, and the free Pi subsequently forms complex with malachite green, which allows the detection of enzyme activity. As expected, both IMB-84 and IMB-87 showed inhibition on the GTPase activity of E. coli in a dosedependent manner, and the IC 50 values were 15.32 and 19.29 μg/mL, respectively (Fig. 5A and B) .
The GTPase activity is essential for ribosome-dependent protein synthesis. Therefore, we further used an in vitro transcriptiontranslation system to determine whether IMB-84 and IMB-87 inhibit ribosome-mediated protein synthesis in E. coli and rabbit reticulocyte. In this assay, compounds were added to E. coli or rabbit reticulocyte cell-free transcription-translation system with a luciferase reporter. The results showed that IMB-84 and IMB-87 showed an inhibitory effect on protein translation for E. coli at IC 50 of 6.715 and 9.403 μg/mL, respectively. Also, the inhibition is dose-dependent (Fig. 5C and D) . But for rabbit reticulocyte, we did not detect any inhibitory effect of these compounds until their concentration reached as high as 125 μg/mL, indicating the specific inhibition of protein synthesis in E. coli by these compounds. 
The anti-E. coli activity of IMB-84 and IMB-87
Because the L12-L10 interaction is essential for ribosome function, we speculate that disruption of this interaction will inhibit the growth of E. coli cells. Indeed, both IMB-84 and IMB-87 showed a MIC at 2 and 4 μg/mL against E. coli ATCC 25922, respectively (Table 1) . For some clinical drug-resistant E. coli strains, IMB-84 and IMB-87 showed growth inhibition with MICs ranging from 1 to 64 μg/mL (Table 1) . Since L12 and L10 proteins exhibit low homology with the corresponding human proteins, we also examined the growth inhibition of IMB-84 and IMB-87 to human cells. We showed that the IC 50 s of IMB-84 and IMB-87 for human embryonic kidney 293 cells were 15 and 24 μg/mL, respectively, indicating that human cells are less sensitive to these compounds. 
Higher MICs for strains overexpressing L12 and L10
If L12-L10 interaction is the target of IMB-84 and IMB-87 for their antibacterial activity, high level of L10 or L12 protein expression will alleviate the antibacterial activity of these compounds. Therefore, we constructed expression plasmids containing genes encoding L12 or L10 protein. We transformed the expression plasmids pET16b-L12 and pET30a-L10 into E. coli BL21 (DE3). Expression of the recombinant proteins was confirmed by western blotting with anti-His antibody ( Supplementary  Information Fig. S2 ). For IMB-84, the MICs of strains overexpressing L12 or L10 were 25 and 12.5 mg/mL, which was 4-fold Inhibition was determined using cell-free translation system containing E. coli or rabbit reticulocyte, and luciferase was used as a reporter. or 2-fold of the strains with the control vector. The MICs of IMB-87 for strains overexpressing L12 or L10 were both 12.5 mg/mL, which is 2-fold of the control strain (Table 2) .
The mode of growth inhibition of E. coli by compounds IMB-84 and IMB-87
IMB-84 and IMB-87 may inhibit the growth of E. coli through bacteriostatic or bactericidal effect. We examined the viability of E. coli 25922 over time in the presence of various concentrations of IMB-84 and IMB-87. In the presence of 1-fold of MIC of IMB-84 and IMB-87, the two compounds showed bacteriostatic effect and the number of colonies increased very slowly during the time course for 5 h. But these compounds showed bactericidal activity against this strain at 2-fold of MIC and the activity was increased significantly when the concentrations were at 4-and 8-fold of MIC (Fig. 6) . After 1 h of incubation, almost all of the bacteria were killed in the presence of compounds at 8-fold MIC, indicating a strong bactericidal activity of these compounds against E. coli.
Discussion
The interaction between L12 and L10 proteins is critical for ribosome function, therefore, the abolishment of L12-L10 interaction will disrupt the ribosome function and block protein synthesis. Several compounds were found to inhibit the interaction between L12 and L10 proteins from M. tuberculosis. Their anti-TB activities indicate that L12-L10 interaction could be a target for anti-TB agents 15, 16 . The development of drug resistant Gramnegative bacteria is a serious clinical problem that causes increased morbidity and mortality. The purpose of this study is to identify some compounds that target L12-L10 interaction in Gramnegative bacteria, such as E. coli, using yeast two-hybrid system. With this system, two compounds IMB-84 and IMB-87 were identified, and we further demonstrated that they block L12-L10 interaction by a series of assays including protein synthesis inhibition, GTPase activity inhibition, SPR and GST pull-down. More importantly, these two compounds showed potent inhibitory activity against E. coli ATCC 25922, and exhibited antibacterial activity against some drug-resistant strains as well. In summary, we have identified two anti-E. coli compounds that likely target L12-L10 interaction.
The clinical isolates used in this study showed some extent resistance to compounds IMB-84 and IMB-87 as indicated by increased MIC value. Compared with the corresponding control drugs, the increase of MIC is less significant, which suggests that the antibacterial mechanism of these two compounds is likely different from that of the existing antibiotics. For some clinical multidrug resistant E. coli strains, the mechanism of drug resistance could be reduced drug permeability or enhanced drug efflux, in addition to the mutation of drug targets. Therefore, more experiments are needed to clarify if the resistance to compounds IMB-84 and IMB-87 is due to reduced permeability or increased efflux.
In general, the inhibitory activity of a compound to the target should correlate with its anti-bacterial activity. We noticed that the IC 50 of IMB-84 and IMB-87 for both GTPase activity and cell-free protein synthesis are higher than their MIC for E. coli ATCC 25922. One possible explanation is the difference between the extracellular and intracellular environments, which affect the activities of these compounds. Another possibility is that IMB-84 and IMB-87 are multi-target compounds, and these compounds may show lower MICs toward unidentified targets.
Compounds IMB-84 and IMB-87 inhibit the GTPase activity of E. coli cell ribosomal extracts, and the protein sequences between the E. coli elongation factor G and human homologue share 39% similarity 31,32. Moreover, these compounds inhibit the growth of human embryonic kidney 293 cells with IC 50 of 15 and 24 μg/mL. The GTPase activity of the elongation factor G is essential for protein translation, so an open question is whether the cytotoxicity is attributed to the inhibition of the GTPase activity by these compounds. IMB-84 and IMB-87 inhibit protein translation in E. coli ribosomal extract at IC 50 of 6.715 and 9.403 μg/mL, respectively. However, these compounds do not inhibit protein translation in the cell ribosomal extract of rabbit reticulocyte when their concentration is as high as 125 μg/mL. The selective inhibition of protein translation in bacteria by these two compounds favors the possibility that they inhibit L12-L10 interaction, which subsequently blocks EF-G recruitment onto the ribosome. Compare to the elongation factor, The L12 and L10 proteins are much less conserved between bacteria and mammalian cells 33 . Therefore, we speculate the compounds may inhibit the growth of mammalian cells through other targets but not the GTPase or L12-L10 interaction. Our future work is to use these compounds as a lead to synthesize more efficient antibacterial molecules with low toxicity and high selectivity by structural modification. Furthermore, the selective inhibition of protein synthesis by IMB-84 and IMB-87 confirms that L12-L10 interaction could be used for the identification of anti-Gram-negative bacteria agents.
Our SPR data showed the RU values for compounds IMB-84 and IMB-87 that bind to a protein-coated surface, but the RU values appear high for such small molecules. These two compounds may bind to the chip or the protein non-specifically. For the SPR experiment, the binding of these two compounds to the chip without protein coating was examined and the value was used as a negative control. Therefore, the RU values shown in the figure is the difference between RU protein and RU control . By doing so, we exclude the possibility that the high RU value is a result of nonspecific binding to the chip. The interaction of IMB-84 or IMB-87 with other irrelevant proteins LptA and BamB were also examined, but no interaction was detected, indicating that the interaction of IMB-84 or IMB-87 with L12 and L10 should be specific. However, further studies are needed to determine the detailed binding mode between the two compounds and L12, L10 proteins.
In summary, our research work demonstrates that L12-L10 interaction is likely a feasible drug target for Gram-negative bacteria, such as E. coli. Moreover, we identified two compounds IMB-84 and IMB-87 that inhibit L12-L10 interaction and show antibacterial activity. Although the anti-bacteria activity and safety of these compounds are not ideal, it is promising to find more potent anti-E. coli drug candidates after structural modification of these compounds. Our work also demonstrates that the combination of yeast-two-hybrid system and GST pull-down assay will be a useful tool to discover compounds that disrupt a specific proteinprotein interaction.
